Chinese cabbage is one of the most important leafy vegetables widely used in East Asian cuisines. The glucosinolate (GSL) accumulation and transcript levels of 7 transcription factors (Dof1.1, IQD1-1, MYB28, MYB29, MYB34, MYB51, and MYB122, and their isoforms) involved in the biosynthesis of aliphatic and indolic glucosinolates (GSLs) were analyzed at different stages of Chinese cabbage (Brassica rapa ssp. pekinensis) seedlings under light and dark conditions using high performance liquid chromatography and quantitative real time PCR. During seedling development, transcription of almost all transcription factors under light conditions was higher expressed than under dark conditions. Five aliphatic GSLs (progoitrin, sinigrin, glucoalyssin, gluconapin, and glucobrassicanapin) and four indolic GSLs (4-hydroxyglucobrassicin, glucobrassicin, 4-methoxyglucobrassicin, and neoglucobrasscin) were detected. Total GSL contents under light conditions 6, 8, and 10 days after sowing (DAS) were 3.2-, 3.9-, and 6.9-fold higher, respectively than those of dark conditions. Interestingly, total GSL contents 2 {85.4 µmol/g dry weight (DW)} to 10 (7.74 µmol/g DW) DAS under dark conditions were gradually decreased. In this study, our results suggest that light affects the levels of GSL in Chinese cabbage seedlings. These results could be useful for obtaining cabbage varieties rich in GSLs.
GSLs are abundantly found in several species of Brassicaceae and are active constituents of Chinese cabbage. GSLs are sulfur-and nitrogen-containing secondary metabolites derived from a glucose molecule and an amino acid; they play important roles in plant defense against attack by herbivores and invasion by microorganisms [4] . GSLs have received considerable attention for their beneficial effects on human health owing to their anticarcinogenic, antioxidative, and antimicrobial activities [5] [6] [7] . Approximately 200 different types of GSLs are known to occur naturally in plants [8] [9] . GSLs can be divided into 3 groups according to their constituent amino acid precursors: aliphatic GSLs are derived from methionine, isoleucine, leucine, or valine; aromatic GSLs are derived from either phenylalanine or tyrosine; and indole GSLs are derived from tryptophan. The biosynthesis process of GSLs proceeds through 3 phases: (i) elongation of the amino acid chain of selected precursor amino acids, (ii) formation of the core GSL structure through conversion of the amino acid moiety, and (iii) subsequent modifications of the amino acid side chain [10] . MYB transcription factors (TFs) belonging to the R2R3-MYB family regulate genes involved in primary sulfate metabolism and synthesis of activated sulfate [11] . MYB TFs can be divided into 2 groups: The first group comprises MYB51, MYB122, and MYB34, which control the biosynthesis of high indolic GSLs [12] [13] [14] [15] ; the second group comprises MYB28, MYB76, and MYB29, which are involved in the biosynthesis of high aliphatic GSLs [14, [16] [17] [18] (Figure 1 ). Levy et al. [19] described that Arabidopsis IQD1 is a positive regulator of aliphatic and indolic GSL formation and stimulates plant defense. The DOF transcription factor AtDof1.1 (OBP2) is part of a regulatory network controlling aliphatic GSL biosynthesis in Arabidopsis [13] .
Very recently, Kim et al. [20] reported GSLs content and TFs gene expression in different organs of Chinese cabbage. Additionally, Huseby et al. [21] found that the levels of GSLs and glutathione during the day were higher than those at night in Arabidopsis. Although TFs involved in GSL biosynthesis have been examined, gene expression and GSLs accumulation studies on TFs during seedling development have not been reported. Thus, we examined GSL accumulation and expression of R2R3-MYB TFs involved in the regulation of GSLs biosynthesis during seedling development of Chinese cabbage.
We used the Brassica genome database (http://brassicadb.org/brad/glucoGene.php) to obtain the sequence data of B. rapa ssp. pekinensis. Using the database, 17 TFs were reported in a previous paper [20] . Transcript levels of TFs in Chinese cabbage seedlings were traced for 10 d after sowing (DAS) under dark and light conditions ( Figure 2 ). Seedlings grown under dark conditions were taller than those grown in the light; however, the transcriptions of all the TFs except for MYB34-2 at 2 and 4 DAS were highly expressed under light conditions compared with dark conditions. The transcription of MYB28-1, MYB28-2, and MYB28-3 at 2 DAS under light conditions were 30-, 385-, and 250-fold, respectively greater compared with the control (0 DAS). Like MYB28, the transcript level of MYB29 at 2 DAS under light conditions was also 28-fold higher than that of the control. Compared with other TFs, MYB28 and MYB29, which are known to be involved in the expression of high aliphatic GSLs, were strongly expressed under both dark and light conditions. The expression levels of MYB28-2 and MYB28-3 reduced gradually from 2 to 8 DAS under both dark and light conditions. The transcript levels of MYB2 and MYB29 were decreased gradually from 2 to 8 DAS only under light conditions. Specially, transcription of MYB28-1 and MYB29 under light conditions 2 DAS was more than 5-6 times greater than that expressed under dark conditions. At 4 DAS, the expression of MYB29 was 8-fold higher under light than dark conditions, whereas the expression of MYB28-1 and MYB29 was 3and 8-fold higher under dark than light conditions, respectively, at 6 DAS. The transcript levels of MYB51, MYB122, and MYB34 involved in indolic GSLs biosynthesis were strongly lower than those of MYB28 and MYB29, which are involved in aliphatic GSL biosynthesis.
Specially, transcript levels of Dof1.1-1, Dof1.1-2, MYB51-2, MYB51-3, MYB122-1, and MYB122-2 were decreased more than those of the control under light and dark condition, whereas transcription of IQD1-1 and IQD1-2 were 224-and 8-fold, respectively higher compared with the control under light conditions at 4 DAS. Like the IQD gene, the transcription of MYB34-3 and MYB34-4 at 2 DAS were 4-and 9-fold higher, respectively compared with the control in light conditions. The transcription of MYB34-2 in seedlings grown under dark conditions at 2 DAS was 4-fold higher than that under light conditions, whereas MYB34-4 expression in seedlings grown under light conditions was 9-fold higher than under dark conditions. With both dark and light conditions, the transcript levels of all the MYB34 isoforms were GSL accumulation and expression of R2R3-MYB TFs Natural Product Communications Vol. 9 (4) 2014 535 gradually reduced from 2 to 6 DAS. The transcript levels of MYB122 isoforms under light conditions were higher at all sampling dates than those of dark conditions, except for transcription of MYB122-1 at 8 DAS. MYB122-2 transcription was increased gradually from 2 to 6 DAS, whereas MYB122-1 was decreased from 4 to 8 DAS.
MYB51-1 transcript level was relatively increased from 4 to 8 DAS under dark conditions and from 6 to 10 DAS under light conditions. IQD1-1-1 was increased 200-fold under light conditions at 4 DAS compared with dark conditions, while the expression levels under dark conditions at 6 DAS were almost 100-fold higher than those under light conditions. The expression levels of IQD1-1-2 under light conditions were increased from 0 to 4 DAS and then declined. IQD1-1-2 expressed 7-fold higher under dark conditions than under light conditions at 6 DAS. Dof1.1, which is involved in aliphatic GSLs biosynthesis, showed low expression, like MYB34-2, MYB51 isoforms, and MYB122 isoforms.
GLSs are nitrogen-and sulfur-containing plant-specialized metabolites involved in the responses to biotic, abiotic, and developmental stage factors [10] . The two main types of GLSs (aliphatic and indolic) are derived from the amino acids methionine and Trp, respectively, and are regulated by a complex network of transcription factors [4] . The transcript levels of MYB51, MYB122, and MYB34 that regulate indolic GSLs were lower than those of MYB28 and MYB29, which are involved in aliphatic GSLs biosynthesis during seedling development. Consequently, the aliphatic GSLs content was higher than that of indolic GSLs. Most MYB TFs showed different expression patterns during seedling development. The highest expression of MYB34 isoforms, MYB28 isoforms, and MYB29 at 2 DAS have correlated to the highest GSLs content detected at 2 DAS. Hirai et al. [17] reported that MYB28 and MYB29 are good candidate transcription factor genes specifically involved in the regulation of aliphatic GSLs production. Their results showed that overexpression of MYB28 in Arabidopsis-cultured suspension cells produced large amounts of GSLs and they suggested the possibility of efficient industrial production of GSLs by manipulation of these transcription factors
In this study, transcript levels during sprout development were used to show that MYB28 and MYB29 are key enzymes in aliphatic GSLs production. Sprouts of many broccoli cultivars contain very small amounts of indolic GSLs, while mature vegetables have high levels of indolic GSLs and may give rise to degradation products (e.g., indole-3-carbinol) [5] . Ciska et al. [23] reported that the total content of GSLs in germinating seeds of white mustard, red radish, white radish, and rapeseed was decreased and the effect of light exposure was especially tangible after the fourth day of germination. The transcript levels and GSL contents under light conditions were several times higher than those under dark conditions. Similarly, light increased the carotenoid content in tomato seedlings, but had little effect on phytoene synthase (PDS) and phytoene desaturase (PSY) transcription [24] . However, in previous studies from our laboratory, light was found to affect the carotenoid content of Chinese cabbage seedlings and the rutin content of tartary buckwheat seedlings [3, 25] . Chatterjee et al. [26] reported that blue light up-regulated transcript and protein levels of cyptochrome 1 in B. napus young seedlings.
The composition of GSLs during seedling development was determined by HPLC (Table 1) . Five aliphatic (progoitrin, sinigrin, glucoalyssin, gluconapin, and glucobrassicanapin) and 4 indolic GSLs (4-hydroxyglucobrassicin, glucobrassicin, 4-methoxyglucobrassicin, and neoglucobrasscin) were detected. In this study, seed (0 DAS) GSLs content was used from data published by our group [20] . The total GSL content was the highest at 2 d under light and dark conditions at 128.7 μmol/g dry weight (DW) and 85.4 μmol/g DW, respectively, whereas the lowest GSL content was observed at 8 d and 10 d at 51.6 μmol/g DW and 7.7 μmol/g DW, respectively, under both conditions. Thus, light has a stronger effect than the dark in increasing the GSLs content of seedlings. To date, several studies have reported that carotenoid biosynthesis in plants is highly controlled by light, but the exact mechanisms controlling these processes have not yet been identified [27, 28] . The contents of GSLs and glutathione of Arabidopsis seedlings grown in the light were higher than those grown in the dark [21] . During seedling development in light conditions, total GSLs increased. Therefore, we assume that light conditions mainly may contribute to the total GSLs content during development of Chinese cabbage seedling. Our results might be worthy of notice as an additional source of health-promoting effects in sprouts consumption. In addition, this study may help in understanding the mechanism controlling GSL biosynthesis in Chinese cabbage.
Experimental
Chemicals: (-)-Sinigrin (2-propenyl glucosinolate) hydrate from horseradish for use as an external standard, and aryl sulfatase (Type H-1, EC 3.1.6.1) for desulfation of glucosinolates were purchased from Sigma-Aldrich (St. Louis, MO, USA). DEAE-Sephadex A-25 for loading into a mini-column (1000 µL-Pasteur pipette) was provided by Amersham Biosciences (Uppsala, Sweden). HPLCgrade acetonitrile (CH 3 CN) and methanol (MeOH) were supplied by J. T. Baker (Phillipsburg, NJ, USA). Ultrapure water having a resistivity of 18.2 MΩ/cm was produced by a PureLab Option from ELGA Labwater (Model LA 621, Marlow, UK).
Plant materials and growth conditions:
Seeds of Chinese cabbage (B. rapa ssp. pekinensis) were purchased from Asia Seed Co., Ltd (Seoul, Korea). For the seedling development study, seeds were immersed in sterilized water for 24 h before sowing. The seeds were placed in plastic boxes including hormone-free 1/2 MS medium (agar 8 g/L). The seedlings were grown in a growth chamber at 25°C under standard cool white fluorescent tubes with a flux rate of 35 μmol s -1 m -2 . For biological repeats, we used 3 magenta boxes for each individual and harvested a number of seedlings for each sample from magenta boxes in the growth chamber. Light conditions (16 h light/8 h darkness) and dark conditions (24 h darkness) were used in this study, and the plantlet sprouts were harvested at 0, 2, 4, 6, 8, and 10 days after sowing (DAS). Seeds were used as 0 DAS. All the samples were frozen in liquid nitrogen upon collection and stored at -80°C until use. Sprouts were used for quantitative real time PCR and GSLs analysis.
cDNA synthesis and quantitative real-time PCR (qRT-PCR) analysis:
Total RNA of each development seedling was extracted using Total RNA extraction Kit (Geneaid, Daejeon, Korea). For qRT-PCR, first-strand cDNA was synthesized from the total RNA with ReverTra Ace-α-(Toyobo, Osaka, Japan) Kit and oligo (dT) 20 primer. The protocol for the reverse transcriptase polymerase chain reaction (RT-PCR) was as follows: Eleven µL of RNase-free water was mixed with 1 µg of total RNA (1 µL), 2 µL of 10X buffer, 1µL of 10 mM each dNTP, 2 µL of 10 µM oligo dT primer, 1 µL of 40 u/µL RNase inhibitor, and 1 µL of 4 u/µL reverse transcriptase to a final volume of 20 µL. The mixture was reamplified for 20 min at 42°C and heated for 5 min at 99°C. Gene-specific primers were designed using an online program (http://web.bioneer.co.kr/tools/ tmcalculator.jsp). The SYBR Green qRT-PCR assay was performed in a total volume of 20 µL, containing 10 µL of 2X SYBR Green Real time PCR master mix (Toyobo, Osaka, Japan), 0.5 µM (each) of specific primers, and template cDNA was diluted 10-fold. The amplification program consisted of one cycle of 95°C for 3 min, followed by 40 cycles of 95°C for 15 s, 72°C for 20 s and annealing temperature of each gene was shown ( Supplementary Table S1 ).
The reaction was performed in triplicate on a CFX96 Real-Time PCR System (Bio-Rad; Hercules, CA, USA). The actin gene (GenBank Accession No. FJ969844) was selected as a reference gene because of its consistent transcript level during seedling development.
Extraction of desulfo-glucosinolates (DS-GSLs) and HPLC analysis:
DS-GSLs were extracted using a slight modification of the procedures reported in a previous study [20] . Briefly, crude GSLs from 100 mg of freeze-dried powder were extracted with 1.5 ml of boiling 70% (v/v) MeOH at 70°C for 5 min in a water-bath. After centrifugation at 12,000 rpm at 4°C for 10 min, the supernatant was collected in a 5 mL test tube, and the residue was re-extracted twice as described above. The combined supernatants were taken as the crude GSL extracts. The extracts were loaded into a mini-column previously packed with DEAE-Sephadex A-25 and desulfated by the addition of 75 μL of an aryl sulfatase solution. DS-GSLs samples were eluted into a 2 mL microcentrifuge tube with 0.5 mL (×3) of ultrapure water.
The separation of DS-GSLs was carried out on a reversed-phase Inertsil ODS-3 column (150 × 3.0 mm i.d., particle size 3 μm; GL Sciences, Tokyo, Japan) with an E type cartridge guard column (10 × 2.0 mm i.d., 5 μm) using an Agilent Technologies 1200 series HPLC system (Palo Alto, CA, USA). The detection wavelength, column oven temperature and flow rate were set at 227 nm, 40°C and 0.2 mL/min, respectively. The mobile phase consisted of ultrapure water (solvent A) and CH 3 CN (solvent B). The gradient programs were as follows: a linear step from 7% to 24% of solvent B for 18 min, solvent B 24% for the next 14 min, then kept constant with solvent B 24% for 3 min followed by a rapid drop to 7% of solvent B at 32.1 min, and then kept constant with solvent B 7% for 8 min (total 40 min). The individual GSLs were identified based on their HPLC retention times and our data base and quantified with the external standard, sinigrin (0.5 mg/ 5 mL), which was passed through the same extraction process together with sample preparation, with their HPLC area and response factor (ISO 9167-1, 1992).
LC/ESI-MS analysis for quantitation of desulfo-glucosinolates (DS-GSLs):
The MS data were acquired by electrospray ionization (ESI)-mass spectrometry with an API 4000 Q TRAP system (Applied Biosystems, Foster City, CA, USA) in positive ion mode ([M+H] + ) that was equipped with an Agilent 1100 series HPLC system. The MS operating conditions were as follows: scan range, m/z 100-800 (scan time, 4.8 sec); curtain gas (20 psi), nebulizing gas (50 psi), heating gas (50 psi) by high purity nitrogen (N 2 ); heating gas temperature, 550°C; ion spray voltage, 5,500 V; declustering potential, 100 V; entrance potential, 10 V.
Statistical analysis:
The data were analyzed by using the computer software Statistical Analysis System (SAS version 9.2). All data are GSL accumulation and expression of R2R3-MYB TFs Natural Product Communications Vol. 9 (4) 2014 537
given as the mean and standard deviation of triplicate experiments. Treatment mean comparisons were performed with the Least Significant Difference (LSD).
